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HIGHLIGHTS 


•  A  Ni-YSZ  supported  SOEC  cell  with  LSC-CGO  oxygen  electrode  was  tested. 

•  The  test  was  carried  out  at  -1  A  cm-2  and  co-electrolysis  conditions  for  2700  h. 

•  The  cell  shows  a  record  low  initial  ASR  of  200  mQ  cm2  at  800  °C. 

•  A  record  low  degradation  rate  of  <12  mV  (or  0.9%)/1000  h  at  -1  A  cnrr2  was  achieved. 

•  The  Ni— YSZ  electrode  partially  reactivated  under  OCV. 
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We  report  the  durability  of  a  solid  oxide  electrolysis  cell  (SOEC)  with  a  record  low  initial  area  specific 
resistance  (ASR)  and  a  record  low  degradation  rate.  The  cell  consists  of  a  Ni— yttria  stabilized  zirconia 
(YSZ)  cermet  as  support  and  active  fuel  electrode,  a  YSZ  electrolyte,  a  gadolinia  doped  ceria  (CGO)  inter¬ 
diffusion  barrier,  and  a  strontium  doped  lanthanum  cobaltite  (LSC)-CGO  composite  oxygen  electrode. 
The  cell  was  tested  at  800  °C  and  -1  A  cm-2  converting  31%  of  a  0.1 :0.45:0.45  mixture  of  H2:H20:C02  for 
approximately  2700  h,  demonstrating  an  initial  ASR  of  200  mQ  cm2  and  a  steady  degradation  rate  of 
<12  mV  (or  0.9%)  per  1000  h.  Electrochemical  impedance  spectroscopy  (EIS)  was  used  to  study  in  situ 
changes  in  the  electrochemical  response  of  the  cell  and  the  retrieved  data  was  treated  to  deconvolute 
resistive  contributions  from  the  physiochemical  processes  occurring  within  the  cell.  The  results  showed 
rapid  initial  fuel  electrode  degradation  during  the  first  350  h  followed  by  partial  reactivation.  The  serial 
resistance  was  found  to  increase  with  time  but  in  an  exponentially  decaying  behavior.  A  discussion  is 
made  based  on  the  detailed  electrochemical  results  together  with  post-mortem  microstructural  analysis. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  electrolysis  cell  (SOEC)  is  an  electrochemical  device 
that  can  convert  H20  or  C02  into  H2  or  CO  using  electrical  energy 
and  heat  1—4].  If  both  H20  and  C02  are  used  as  reactant  gas  to  the 
fuel  electrode  (as  the  cathode  in  SOEC  mode),  the  so-called  syngas 
(mixture  of  H2  and  CO)  is  produced  which  can  be  further  converted 
into  various  types  of  synthetic  liquid  fuels  such  as  ethanol,  dimethyl 
ether  (DME)  or  synthetic  diesel.  This  is  advantageous  from  a  storage 
point  of  view,  due  to  their  higher  volumetric  energy  density  as 
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compared  to  for  instance  batteries.  Moreover  liquid  fuels  are  more 
easily  stored,  transported  and  consumed  using  the  current  in¬ 
frastructures  [1—5].  Finally,  if  the  electrical  energy  comes  from 
renewable  energy  sources  such  as  wind  power  or  solar  energy  and 
the  heat  from  waste  heat  produced  in  industrial  processes,  the 
entire  fuel  cycle  can  be  considered  C02  neutral. 

In  order  to  commercialize  the  SOEC  technology  an  operational 
lifetime  of  at  least  5  years  is  expected  [5,6].  Degradation  of  SOECs 
has  therefore  been  extensively  studied  under  various  conditions 
including  steam  electrolysis  [7-10],  C02  electrolysis  [11]  or  co¬ 
electrolysis  [12,13].  For  a  complete  overview  of  reported  SOEC 
degradation,  the  readers  are  referred  to  two  recent  review  papers 
[14,15].  A  number  of  different  degradation  mechanisms  have  been 
proposed  depending  on  current  density  [7,9,12,16].  At  current 
densities  of  0-0.5  A  cm-2,  it  has  been  argued  that  impurity 
poisoning  of  the  active  sites  at  the  Ni-yttria  stabilized  zircona 
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(YSZ)/YSZ/gas  triple  phase  boundaries  (TPBs)  is  the  main  cause  for 
degradation  10].  It  has  also  been  shown  that  this  degradation 
mechanism  can  be  avoided  by  careful  cleaning  of  the  feed  stream 
before  entering  into  the  Ni-YSZ  electrode  compartment  [17].  From 
an  economic  perspective  it  is  beneficial  to  operate  the  cells  at  high 
current  densities  and  low  over-voltage  in  order  to  reduce  both  in¬ 
vestment  and  production  costs.  It  is  therefore  wishful  to  operate 
the  SOEC  at  >1  A  cm-2.  However,  at  such  high  current  densities  it 
has  been  reported  that  lateral  cracks  form  within  the  8  mol.%  Y2O3 
stabilized  Zr02  (8YSZ)  electrolyte  causing  an  additional,  and  rather 
severe  degradation  process  [7].  It  was  observed  that  inter-granular 
nano-pores  form  within  YSZ  close  to  the  strontium  doped 
lanthanum  manganite  (LSM:  Lai_xSrxMn03)— YSZ  composite  oxy¬ 
gen  electrode  (as  the  anode  in  SOEC  mode)  as  a  result  of  high  ox¬ 
ygen  potentials  on  this  side  of  the  cell  during  strong  electrolysis 
polarization. 

In  a  recent  publication  [18]  it  was  observed  that  replacing  the 
LSM— YSZ  oxygen  electrode  with  mixed  conducting 
Lao.6Sr0.4Coo.2Feo.803_<5  (LSCF)  oxygen  electrode  together  with  an 
Ceo.9Gdo.1O1.95  (CGO)  inter-diffusion  barrier  layer  reduced  the 
degradation  associated  with  both  the  serial  and  polarization 
resistance  when  operated  at  -1.5  A  cm-2.  The  reason  for  the 
observation  is  not  yet  fully  understood  but  possible  explanations 
are  (1)  the  different  material  and  microstructure  of  the  inter¬ 
diffusion  barrier  within  which  the  high  oxygen  potential  was 
found  or  (2)  higher  oxygen  exchange  kinetics  of  the  LSCF  electrode. 

Despite  the  improved  stability  of  the  SOEC  with  an  LSCF  oxygen 
electrode,  high  and  continuously  increasing  degradation  rates 
above  500  mV  per  1000  h  (500  mV  khs”1)  was  observed  when 
operated  at  -1.5  A  cm-2  [18].  At  electrolysis  current  densities  at 
and  below  0.5  A  cm-2,  on  the  contrary,  very  stable  performance  has 
been  observed  with  cleaned  upstream  to  the  fuel  electrode  17]. 
Regarding  current  densities  between  -0.5  and  -1.5  A  cm-2,  only 
few  results  are  reported  from  SOEC  testing  [19].  This  study  aims  at 
analyzing  and  reporting  the  electrochemical  results  from  a  SOEC 
tested  at  -1  A  cnrr2  and  800  °C  under  co-electrolysis  conditions. 

2.  Experimental 

A  Ni-YSZ  supported  SOEC  (here  after  named  as  the  tested  cell) 
was  manufactured  using  a  support  (Ni-YSZ  cermet,  -300  pm  in 
thickness),  a  fuel  electrode  (Ni-8YSZ  cermet,  -10  pm  in  thickness) 
and  an  electrolyte  (8YSZ,  -10  pm  in  thickness).  A  CGO  layer 
( -  2  pm  in  thickness)  was  applied  using  physical  vapor  deposition 
(PVD)  before  an  LSC-CGO  (LSC  =  (Lao.6Sr0.4)o.99Co03_«5)  oxygen 
electrode  was  screen  printed  and  sintered.  The  cell  has  an  active 
electrode  area  of  4  x  4  cm2.  The  cell  was  tested  in  a  SOFC  test  setup 
described  elsewhere  [20].  Gold  and  nickel  meshes  were  used  as 
current  collector  components  on  the  oxygen  and  fuel  side, 
respectively.  The  cell  was  sealed  at  its  edges  by  glass.  The  flow 
compartments  were  sealed  at  850  °C  for  2  h  prior  to  reduction.  The 
Ni-YSZ  electrode  was  reduced  also  at  850  °C  in  9%  H2  in  N2  for  2  h 
followed  by  1  h  in  humidified  H2  (with  4%  H20). 

The  initial  and  final  electrochemical  characteristics  of  the  cell 
were  tested  at  850,  800  and  750  °C.  At  each  temperature  i—V  po¬ 
larization  (in  both  SOFC  and  SOEC  polarization  mode)  and  elec¬ 
trochemical  impedance  spectroscopy  (EIS)  measurements  were 
carried  out  with  both  air  and  O2  supplied  to  the  LSC-CGO  oxygen 
electrode  and  with  a  steam  content  of  both  20%  and  50%  supplied  to 
the  Ni-YSZ  fuel  electrode.  Flows  were  set  to  50  1  h”1  of  air/02  and 
24  1  h”1  of  H2/H2O.  i—V  polarization  measurements  were  carried 
out  under  co-electrolysis  condition  with  a  24 1  h”1  flow  of  oxidants 
(XF(C02)  =  0.45,  Xf(H20)  =  0.45,  XF(H2)  =  0.1,  where  the  subscript  F 
represents  fuel  electrode)  and  with  50 1  h”1  02  supplied  to  the  LSC- 
CGO  oxygen  electrode.  EIS  measurements  were  carried  out  at  zero 


DC  current  using  a  Solartron  1260  frequency  analyzer  and  an 
external  shunt  in  series  with  the  cell.  The  spectra  was  recorded 
from  96,850  Hz  to  0.08  Hz  with  12  points  per  decade  and  corrected 
using  the  short  circuit  impedance  response  of  the  test  setup. 
Impedance  measurements  were  corrected  for  inductive  contribu¬ 
tions  from  the  test  setup  using  the  method  based  on  Kramer  Kronig 
relations  described  in  Ref.  [21].  In  this  study,  analysis  of  the 
impedance  data  was  performed  using  impedance  transforms  in  the 
software  Ravdav  [22]. 

In  between  the  initial  and  final  electrochemical  characteristics, 
the  electrochemical  stability  of  the  cell  was  tested  in  galvanostatic 
mode  at  -1  A  cm”2  and  800  °C  with  an  inlet  gas  composition  of 
CO2/H2O/H2  =  45/45/10  and  a  reactant  (H20  +  CO2)  utilization  of 
31%.  The  10%  of  hydrogen  excess  was  added  in  order  to  avoid 
oxidation  of  the  Ni  in  the  Ni-YSZ  electrode.  The  gas  supplied  to  the 
Ni-YSZ  electrode  compartment  were  cleaned  at  720  °C  before 
being  fed  to  the  cell,  following  a  procedure  described  by  Ebbesen 
and  Mogensen  [17].  A  flow  of  50  1  h”1  of  02  was  supplied  to  the 
LSC-CGO  electrode  in  order  to  ensure  a  stable  p02  in  the  oxygen 
electrode  compartment.  EIS  were  recorded  under  current  during 
the  galvanostatic  test.  The  applied  current  was  accidentally  cut 
after  1150  h  test  due  to  unforeseen  technical  reasons.  The  test  was 
continued  under  the  same  condition  right  after  the  technical 
problem  was  solved.  After  the  final  electrochemical  characteriza¬ 
tion,  the  cell  was  cooled  to  room  temperature  with  9%  H2  in  N2 
supplied  to  the  Ni-YSZ  electrode  compartment  and  air  supplied  to 
the  LSC-CGO  electrode  compartment. 

A  nominally  identical  cell  was  used  as  reference  (here  after 
named  as  the  reference  cell)  and  performed  initial  electrochemical 
characterization  only.  The  cell  was  primarily  used  to  test  the  cell 
test  reproducibility  and  as  a  reference  for  assessing  the  micro- 
structural  changes  induced  by  the  galvanostatic  test.  The  initial 
electrochemical  characteristics  of  the  reference  cell  were  identical 
to  the  galvanostatically  tested  cell  and  were  therefore  not  included 
in  this  paper. 

Both  the  galvanostatically  tested  cell  and  the  reference  cell  were 
selected  for  microstructural  examinations.  Polished  cross-sections 
along  the  fuel  flow  direction  from  gas  inlet  to  gas  outlet  were 
prepared.  A  Carl  Zeiss  Supra  35  scanning  electron  microscope 
equipped  with  a  field  emission  gun  (FE-SEM)  was  used.  For 
chemical  analysis  the  Supra  35  is  equipped  with  an  X-ray  Energy 
Dispersive  Spectrometer  (EDS)  and  a  microanalysis  software  NSS 
(Thermo  Fischer  Scientific  Inc.).  The  samples  were  carbon  coated 
prior  to  imaging  and  EDS  analysis  which  was  carried  out  at  an 
accelerating  voltage  of  15  kV. 

3.  Results  and  discussion 

Fig.  1  plots  the  results  from  i—V  polarization  measurements  of 
the  cell  recorded  at  800  °C  under  co-electrolysis  conditions  before 
and  after  the  durability  test  as  well  as  the  corresponding  secant 
area  specific  resistance  (ASRsec).  The  cell  shows  an  initial  ASRSFc  of 
0.20  Q  cm2  at  -1  A  cm-2,  800  °C  under  co-electrolysis  conditions 
described  in  the  experimental  section.  The  low  resistance,  which  to 
the  best  knowledge  of  the  authors  is  a  record  low,  is  considered  as  a 
consequence  of  the  use  of  an  LSC-CGO  oxygen  electrode  on  a  CGO 
inter-diffusion  layer  produced  using  PVD  technology.  LSC  is  well 
known  for  its  good  mixed  ionic  and  electronic  conducting  (MIEC) 
properties  and  its  high  catalytic  activity  toward  oxygen  reduction 
[23].  The  application  of  a  dense  CGO  inter-diffusion  barrier  layer 
made  by  PVD  further  reduces  the  resistance  by  efficiently  pre¬ 
venting  Sr  diffusion  toward  the  YSZ  electrolyte  and  formation  of 
non-conducting  SrZr03  [24].  After  the  long-term  galvanostatic  test, 
the  ASRsec  at  -1  A  cm”2  have  increased  to  325  mQ  cm2,  which 
yields  an  average  degradation  rate  of  47  mQ  cm2  khs”1  over  the 
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Fig.  1.  i—V  polarisartion  curves  and  the  corresponding  secant  resistance  measured 
under  a  24  1  h-1  45:45:10%  flow  of  H20:C02:H2  at  800  °C. 


2650  h  test  period.  Fig.  2  shows  Nyquist  plots  of  the  inductance 
corrected  impedance  measured  at  open  circuit  voltage  (OCV)  under 
the  same  condition  as  in  Fig.  1.  The  results  suggest  that  the  degra¬ 
dation  is  related  to  both  the  serial  and  polarization  resistance  of  the 
cell.  It  should  be  noted  that  the  i—V  and  EIS  plots  of  post-tests  as 
plotted  in  Figs.  1  and  2  were  not  carried  out  directly  after  stopping 
the  galvanostatic  test  but  after  a  series  of  i—V  and  impedance 
measurements  at  other  gas  compositions. 

Fig.  3  plots  the  results  from  analyzing  the  EIS  measurements 
before  and  after  the  durability  test  using  the  method  of  analysis  of 
differences  in  impedance  spectra  (ADIS)  when  shifting  the  pF^O  on 
the  fuel  electrode  or  the  pC>2  on  the  oxygen  electrode  while  keeping 
the  other  conditions  constant  [25].  The  ADIS  method  allows  dis¬ 
tinguishing  the  frequency  regime  and  the  relative  change  in  resis¬ 
tance  of  all  processes  dependent  on  the  parameter  used  for  this 
specific  analysis  (p02,  PH2O,  T,  etc).  Gas  shift  ADIS  is  limited  to 
analysis  of  electrode  reactions  that  have  a  partial  pressure  depen¬ 
dence  of  the  respective  reactants  and  products  which  is  the  case  for 
most  of  the  electrochemical  processes  occurring  in  a  SOEC.  A 
stronger  ADIS  response  after  test  for  a  given  electrode  can  then  be 
interpreted  as  an  increase  in  resistance  for  this  specific  electrode 
reaction.  As  indicated  by  Fig.  3,  the  degradation  of  the  fuel  electrode 
is  very  weak  as  there  is  no  major  difference  between  the  curves.  The 
oxygen  electrode  appears  to  have  degraded  to  some  degree  but  the 
resistive  contribution  from  this  electrode  is  very  small  making 
quantitative  assessment  less  accurate. 

Fig.  4  plots  the  cell  voltage  curve  of  the  galvanostatic  test 
described  in  the  experimental  section.  It  also  plots  the  corre¬ 
sponding  ASRseg  calculated  as  (OCV  -  t/(t))/i.  The  figure  plots 
further  the  accumulated  degradation  rate  calculated  as 
DR  (t)  =  (ASRsec  t  —  ASRsec  t=0)/f  where  t  is  the  elapsed  time 
since  the  start  of  the  galvanostatic  test.  Finally,  the  figure  plots  the 
instantaneous  degradation  rate,  calculated  as  the  time  derivative  of 
ASRsec  (dR/dt  =  0(ASRSEC,t)/0t).  In  this  plot  we  have  applied  a 
150  h  moving  average  filter  over  the  calculated  dR/dt  in  order  to 
linearize  the  degradation  rate.  The  results  show  a  rapid  initial  in¬ 
crease  in  cell  voltage  during  the  first  approximately  350  h.  After  this 


Fig.  2.  Nyquist  plots  of  EIS  measurements  at  OCV  and  same  conditions  as  in  Fig.  1.  The 
impedance  has  been  corrected  for  lead  inductance  from  the  test  setup. 


10°  101  102  103  104  105 
f  [Hz] 

Fig.  3.  Steam  shift  (top  figure)  and  oxygen  shift  (bottom  figure)  ADIS  analysis  of  the 
cell  before  and  after  the  galvanostatic  test. 


period  the  cell  voltage  was  found  to  increase  only  weakly  with  time. 
At  about  1150  h  into  the  test  a  power  failure  forced  the  cell  to  OCV. 
When  operation  was  restored,  the  cell  voltage  returned  to  a  lower 
value  demonstrating  that  the  accident  actually  had  induced  an 
instantaneous  partial  reactivation  of  the  cell  performance.  After  the 
power  was  restored  the  degradation  behavior  resembled  the 
similar  trends  during  the  first  1000  h  of  the  test  with  a  relative  high 
degradation  during  the  first  300-400  h.  This  was  followed  by 
period  of  very  low  degradation  which  continued  until  the  end  of 
the  test  at  2650  h.  The  cell  shows  a  steady  degradation  rate  of 
~  12  mV  (or  0.9%)  khs-1  evaluated  from  the  measured  cell  voltage 
for  the  periods  of 400-1000  and  2000-2600  h.  So  far  only  Schefold 
et  al.  has  demonstrated  comparable  however  still  slightly  higher 


0  500  1000  1500  2000  2500 


E 

u 

6 


CC 

in 

< 


Fig.  4.  Top:  cell  voltage  and  ASRsec  curves  measured  under  conditions  listed  in  the 
experimental  section.  Middle:  accumulated  degradation  rate  calculated  as  the  change 
in  ASRsec  from  t  =  0.  Bottom:  tangential  degradation  rate  calculated  as  the  time  de¬ 
rivative  of  the  ASRsec- 
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degradation  rate  (1.7%  khs-1  for  the  steady  state  degradation)  also 
at  -1  A  cm-2,  but  for  electrolysis  of  steam  and  over  9000  h  [26]. 

Over  the  entire  testing  period  the  cell  temperature  increased  by 
approximately  6  °C.  This  shall  result  in  a  decrease  of  5  mQ  cm2  in 
the  ASRsec  calculated  using  activation  energy  of  1.15  eV  obtained 
during  the  electrochemical  characterization  before  the  test 
commenced.  Taking  this  into  account,  the  accumulated  degradation 
rate  for  the  entire  test  period  of  2650  h  reached  ~  85  mQ  cm2  khs-1 
with  a  final  measured  ASRsec  of  410  mQ  cm2.  This  is  substantially 
higher  than  the  325  mQ  cm2  and  corresponding  degradation  rate  of 
47  mQ  cm2  khs-1  determined  from  comparing  i—V  polarization 
measurements  before  and  after  the  test.  The  discrepancy  indicates 
that  the  cell  has  recovered  partially  after  the  test  stopped.  The 
reason  for  this  discrepancy  is  not  yet  clear.  However,  an  interesting 
observation  is  that  the  cell  also  showed  partial  reactivation  after  the 
sudden  power  failure  at  1150  h  into  the  test.  The  results  indicate 
that  the  SOEC  can  regain  electrochemical  performance  by  resting  at 
OCV  or  being  operated  in  SOFC  mode  for  a  period  of  time. 

In  order  to  estimate  lifetime  predictions  the  trend  in  the 
instantaneous  degradation  rate  is  of  great  importance.  The  calcu¬ 
lated  instantaneous  degradation  rate  shows  relatively  large  scatter, 
partly  due  to  the  impedance  measurements  that  were  recorded 
during  the  test.  From  Fig.  4  the  dR/dt  is  estimated  to  decrease 
toward  an  approximate  rate  of  5-10  mQ  cm2  khs-1  after  the  initial 
degradation  leveled  off.  This  rate  is  substantially  lower  than  the 
measured  average  rates  of  375  and  550  mQ  cm2  khs-1  reported  in 
an  aforementioned  study  of  SOEC  operated  at  -1.5  A  cm-2  under 
co-electrolysis  flow  [18]. 

In  this  work  distribution  of  relaxation  times  (DRT)  was  applied 
in  order  to  further  understand  the  cell  degradation  behavior.  Fig.  5 
plots  the  analyzed  DRT  results,  carried  out  at  different  pC>2  and 
PH2O,  temperatures  and  electrolysis  currents  during  the  initial 
characterization.  The  DRT  method  allows  distinguishing  the  phys- 
iochemical  processes  that  give  rise  to  the  impedance  spectra  of  a 
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Fig.  5.  DRT  of  impedance  spectra  recorded  before  the  gaivanostatic  test  as  a  function  of 
(from  top  to  bottom)  a)  pH20  over  the  Ni-YSZ  fuel  electrode  at  OCV,  T  =  700  °C,  and 
with  Xo(02)  =  1;  b)  as  a  function  of  p02  over  the  LSC-CGO  oxygen  electrode  at  OCV, 
T=  700  °C,  and  withXF(H2)  =  0.50,  XF(H20)  =  0.50;  c)  temperature,  withXF(H2)  =  0.80, 
Xf(H20)  =  0.20;  X0(02)  =  0.21;  D)  current  density  at  T  =  800  °C  and  XF(H2)  =  0.10, 
Xf(H20)  =  0.45,  XF(C02)  =  0.45,  withX0(02)  =  0.50,  and  a  total  fuel  flow  rate  of  24 1  h-1 
and  an  oxygen  flow  rate  of  50 1  h_1.  The  subscripts  F  and  O  represent  fuel  electrode  and 
oxygen  electrode,  respectively. 


f  [Hz] 

Fig.  6.  DRT  analysis  of  the  impedance  spectra  measured  during  four  different  periods 
of  the  gaivanostatic  test. 


SOEC  provided  that  these  processes  have  different  characteristic 
time  constants  2].  As  shown  in  Fig.  5,  upon  changes  in  PH2O  at  the 
Ni— YSZ  side  of  the  cell,  three  responses  at  3-5  kHz,  20-40  Hz  and 
3-4  Hz  respectively  are  clearly  visible,  of  which  only  the  high 
frequency  process  is  strongly  temperature  dependent.  Oxidation  of 
H2  at  the  Ni-YSZ  triple  phase  boundaries  of  this  cathode  supported 
cell  has  previously  been  found  to  occur  at  around  3—5  kHz  [3].  The 
same  paper  showed  that  gas  diffusion  impedance  of  H2  and  H20 
occurs  at  around  20  Hz,  and  that  the  conversion  impedance,  asso¬ 
ciated  with  Nernst  potential  perturbations  due  to  changes  in  the 
pH2/pH20  ratio,  occurs  at  1—3  Hz.  Fig.  5  distinguishes  further  two 
processes  that  depend  on  the  p02  of  the  oxygen  electrode  side  of 
the  cell.  The  first  occurs  at  an  approximate  summit  frequency  of 
100-500  Hz  depending  onp02.  This  is  the  typical  frequency  regime 
within  which  the  oxygen  exchange  reaction  of  LSC-based  elec¬ 
trodes  occurs  [2,11  ].  The  second  response  shows  up  at  around  10  Hz 
when  the  p02  decreases  below  0.21  atm.  This  is  the  typical  fre¬ 
quency  regime  for  diffusion  of  molecular  O2  on  the  oxygen  elec¬ 
trode  side  [2].  Finally,  there  appears  to  be  a  response  at  20-30  kHz 
which  is  not  dependent  on  partial  pressure  change  on  either  side  of 
the  cell.  Previous  studies  have  ascribed  this  process  to  ionic 
transport  within  the  YSZ  matrix  of  the  Ni-YSZ  electrode  [4,5]. 

Fig.  6  plots  DRT  analysis  of  EIS  impedance  during  four  different 
periods  of  the  gaivanostatic  test.  The  first  period  from  0  to  350  h 
shows  large  increase  in  the  main  Ni-YSZ  electrode  response 
together  with  a  shift  in  the  summit  frequency  from  3  kHz  to  500  Hz. 
A  similar  shift  has  been  observed  in  previous  studies,  which  has 
suggested  this  degradation  to  be  related  to  poisoning  of  the  Ni-YSZ 
TPB  by  impurities  6].  Additionally  the  conversion  impedance  at 
around  3-4  Hz  appears  to  increase  during  this  period.  It  is  more 
difficult  to  conclude  any  trends  in  processes  at  50-500  Hz  as  these 
processes  are  small  and  start  to  partially  overlap  with  the  response 
of  the  Ni-YSZ  electrode.  During  the  second  period  from  350  to 
1100  h,  a  decrease  in  the  Ni-YSZ  response  was  observed  indicating 
that  the  fuel  electrode  is  partially  reactivating.  After  the  power  cut, 
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Fig.  7.  Equivalent  circuit  (EQC)  model  of  impedance  measured  during  the  galvanostatic  test. 


the  impedance  resistance  of  the  Ni— YSZ  electrode  is  again 
increasing  for  about  650  h.  During  the  final  period  from  1900  h  to 
the  end  of  the  test,  the  Ni-YSZ  electrode  appears  to  reactivate  again 
albeit  to  a  substantially  lower  degree  than  during  the  first  period  of 
reactivation. 

From  the  DRT  analysis  in  Fig.  5,  two  processes  at  frequencies 
higher  than  the  main  Ni— YSZ  electrode  response  are  observed.  The 
first  high  frequency  process  is  found  at  about  20  kFIz  and  does  not 
appear  to  change  during  the  test.  The  second  high  frequency  pro¬ 
cess  is  found  at  3—5  kFIz  i.e.  the  frequencies  at  which  the  main  Ni- 
YSZ  process  is  nominally  found.  This  process  could  in  fact  also  be  an 
integrated  part  of  the  impedance  associated  with  the  fuel  oxidation. 
Whether  this  observed  peak  is  related  to  an  independent  process  or 
is  part  of  a  more  complex  and  distributed  impedance  response  is 
not  yet  fully  resolved.  In  this  paper,  we  have  treated  this  response 
independently,  mainly  because  from  a  degradation  point  of  view  it 
does  not  appear  to  be  coupled  to  the  main  Ni-YSZ  response. 

Based  on  the  DRT  results,  the  impedance  spectra  were  analyzed 
using  the  following  equivalent  circuit  model:  L  -  R$  -  (RQ)hfi  - 
(RQ)hf2  -  (RQJneysz  -  Glsccgo  -  (RQJdiff  -  (RC)conv-  Fig.  7  simu¬ 
lates,  for  a  representative  impedance  spectra  measured  during  the 
galvanostatic  test,  the  different  elements  of  the  model. 

The  results  from  fitting  the  impedance  spectra  to  the  above 
described  model  are  shown  in  Fig.  8.  The  model  shows  that  the 
impedance  spectrum  is  heavily  dominated  by  the  electrochemical 
processes  related  to  the  Ni-YSZ  electrode  and  the  H2O  +  CO2 
conversion  whereas  the  contribution  from  all  the  other  processes  is 
fairly  small.  Unfortunately,  the  main  Ni-YSZ  response  overlaps 
partially  with  the  oxygen  electrode  process  and  the  ZHf2  process. 
Additionally,  the  resistance  of  the  oxygen  electrode  process  and  the 
Zhfi  (this  is  the  right  legend  not  on  the  plot)  and  Zhf2  are  small 
compared  to  that  ofZNi_Ysz.  It  is  therefore  difficult  to  accurately  and 
quantitatively  conclude  trends  in  the  resistance  of  these  processes 
with  time.  It  is  for  these  reasons  not  possible  to  make  detailed 
discussions  and  accurate  conclusions  on  these  four  minor  pro¬ 
cesses.  The  results  from  both  DRT  analysis  as  well  as  equivalent 
circuit  fitting  indicate  that  the  LSC-CGO  oxygen  electrode  appears 


not  to  suffer  from  any  major  degradation  processes  under  the 
conditions  in  this  test.  In  contrast  to  this  the  gas  shift  ADIS  analysis 
of  impedance  measured  before  and  after  test  shows  that  the  oxygen 
electrode  has  suffered  from  degradation.  Oxygen  electrode  degra¬ 
dation  is  demonstrated  further  by  DRT  analysis,  shown  in  Fig.  9, 
which  concludes  an  increase  in  the  oxygen  electrode  resistance 
after  test,  although  to  a  still  comparatively  small  value.  It  also  ap¬ 
pears  as  though  RHfi  and  in  particular  RHF2  increase  suddenly  from 
250  to  350  h  into  the  test  which  is  the  period  at  which  the  resis¬ 
tance  of  the  main  Ni-YSZ  process  reaches  its  maximum.  The  high 
frequency  response  has  previously  been  determined  to  be  inde¬ 
pendent  on  changes  in  pFI20  [27]  which  is  why  it  is  not  possible  to 
identify  this  process  using  gas  shift  ADIS.  Flowever,  from  Fig.  9  it  is 
evident  that  a  process  occurring  at  20-50  kFIz  has  increased  sub¬ 
stantially  during  the  test. 

In  addition,  the  following  can  be  further  deduced  from  Fig.  8: 

-  Passivation/activation  of  the  Ni-YSZ  electrode.  The  results  from 
fitting  the  impedance  data  to  an  equivalent  circuit  model  show, 
in  agreement  with  the  DRT  analysis,  an  initial  degradation  on 
the  Ni-YSZ  electrode,  followed  by  a  partial  reactivation.  The 
degradation  has  previously  been  ascribed  to  poisoning  of  the 
TPBs  at  the  fuel  electrode  by  impurities  such  as  silica  [18].  It  has 
been  suggested  further  that  reactivation  of  Ni-YSZ  TPBs  may 
occur  due  to  crystallization  of  the  silica  phases  [10].  Recent 
publications  have  also  shown  that  Zr  may  dissolve  into  the 
nickel  particles  and  expel  as  nano-particles  at  the  nickel  surface 
provided  that  the  over-potential  is  high  enough  [28].  However 
the  later  degradation  mechanism  is  not  expected  to  be  revers¬ 
ible  upon  restoring  open  circuit  voltage. 

-  Strong  coupling  of  the  fuel  electrode  and  fuel  conversion 
impedance.  During  periods  when  the  Ni-YSZ  is  degrading,  the 
resistance  associated  with  fuel  conversion  impedance  is  also 
observed  to  increase.  The  opposite  is  seen  for  the  periods  when 
the  Ni-YSZ  electrode  is  partially  activating.  The  reason  for  this 
coupling  is  not  yet  understood. 

Fig.  10  plots  serial  resistance  degradation  after  the  power  cut, 
together  with  a  fitted  line  using  an  exponentially  decaying  function 


Fig.  8.  Break  down  of  losses  by  fitting  the  impedance  spectra  measured  during  the  Fig.  9.  DRT  response  of  the  EIS  measured  at  OCV  and  800  °C  with  X0(02)  =  1  and 
galvanostatic  test  to  the  equivalent  circuit  model  shown  in  Fig.  7.  XF(H20)  =  0.5  before  and  after  the  galvanostatic  test. 
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with  an  asymptotic  limit  of  125  mQ  cm2.  The  major  reason  for  the 
high  degradation  rates  in  previous  tests  has  been  a  large  increase  in 
the  serial  resistance  due  to  the  crack  propagation  within  the  YSZ 
electrolyte  [9,10,19].  The  fact  that  the  increase  in  the  serial  resis¬ 
tance  is  rather  low  for  the  cell  in  this  test  and  that  Rs  degradation 
appears  to  decay  over  time  suggests  that  the  cell  is  not  suffering 
from  the  degradation  mechanism  proposed  in  Ref.  [9]. 

The  analysis  of  impedance  measured  at  OCV  before  and  after  the 
galvanostatic  test  using  ADIS  and  the  analysis  of  impedance 
measured  under  current  during  test  using  DRT  arrive  at  different 
conclusions  with  respect  to  the  main  Ni-YSZ  electrode.  The  ADIS 
analysis  shows  that  the  main  Ni-YSZ  response  has  not  suffered 
from  almost  any  degradation  whereas  the  DRT  analysis  highlights 
an  extensive  degradation  (occurring  rapidly  during  the  initial  phase 
of  the  test).  In  this  context  it  could  possibly  be  of  importance  that 
the  post-test  reported  in  Fig.  1,  Figs.  2  and  3  were  measured  after  a 
series  of  SOFC  polarization  measurements  under  various  p\\20  on 
the  fuel  side  and  p02  on  the  oxygen  side  of  the  cell.  A  hypothetical 
explanation  could  be  that  the  Ni-YSZ  recovers  almost  fully  during 
the  post-test  measurements.  A  substantial  reactivation  of  the  Ni- 
YSZ  electrode  would  also  explain  the  discrepancy  between  the 
accumulated  degradation  rates  calculated  on  the  basis  of  pre-  and 
post-test  i—V  measurements  and  on  the  basis  of  cell  voltage  at  the 
start  and  end  of  the  test. 

SEM  investigations  were  carried  out  along  the  fuel  electrode 
flow  direction  from  gas  inlet  to  gas  outlet  of  the  tested  cell  and  the 
reference  cell.  In  the  tested  cell,  mild  microstructural  degradation  is 
found  in  the  Ni-YSZ  cathode,  and  the  degradation  occurs  evenly  in 
the  entire  cell  from  inlet  to  outlet.  Flence,  only  the  images  taken 
from  the  center  of  the  cell  are  presented  in  Fig.  11.  The  only 
noticeable  microstructural  changes  in  the  tested  cell  were  seen  in 
the  active  Ni-YSZ  electrode,  namely  the  characteristic  “dark  ring” 
around  some  Ni  grains  (Fig.  lib).  This  could  indicate  the  presence  of 
Zr-oxide  nano-particles  on  the  surface  of  Ni  grain,  which  has  pre¬ 
viously  been  identified  as  one  of  the  major  degradation  mecha¬ 
nisms  for  Ni-YSZ  electrodes  under  SOEC  operation  [28].  Flowever, 
it  is  also  noticed  that  this  phenomena  is  limited  to  only  a  few  Ni 
grains  along  the  electrolyte-fuel  electrode  interface  in  contrast  to 
the  [28]  where  the  degradation  from  Zr-oxide  particles  was  found 
to  be  more  severe.  This  is  in  good  agreement  with  the  results  ob¬ 
tained  from  electrochemical  characterizations  which  show  rela¬ 
tively  mild  degradation  when  comparing  the  electrochemical 
performance  of  the  cell  before  and  after  the  test. 

For  the  oxygen  side,  SEM  examinations  have  not  found  any 
noticeable  microstructural  change  in  the  YSZ  electrolyte  or  in  the 


Time  [h] 

Fig.  10.  Trend  in  the  serial  resistance  with  time  for  the  period  after  the  power  cut  till 
end  of  the  test. 


Fig.  11.  SEM  back- scattered  images  showing  the  cross-sections  of  (a)  the  reference  cell, 
(b)  the  tested  cell.  Examples  of  the  “dark  ring”  around  Ni  grains  are  indicated  by  the 
white  arrows  in  Fig.  lib. 


CGO  barrier  layer.  There  could  be  microstructural  changes  in  the 
LSC— CGO  anode,  but  beyond  the  detection  limit  of  SEM.  As  shown 
in  Fig.  lib,  the  adhesion  between  the  different  layers  (electrolyte, 
barrier  layer,  and  oxygen  electrode)  of  the  tested  cell  remains 
relatively  intact  after  2600  h’s  testing.  Small  gaps  (a  few  hundreds 
of  nm,  not  shown  here)  are  occasionally  seen  between  the  oxygen 


Distance  to  BL/OE  interface,  pm 

Fig.  12.  Atomic  ratios  of  La/Co  and  La/Sr  evaluated  from  EDS  line-scan  results.  The 
line-scans  were  made  perpendicular  to  the  barrier  layer-oxygen  electrode  interface 
and  further  into  the  LSC/CGO  oxygen  electrode.  The  dashed  lines  in  the  figure 
were  calculated  nominal  values  according  to  the  LSC  powder  composition 
(Lao.6Sro.4)o.99Co03_<5. 
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electrode  and  the  barrier  layer.  Such  gaps  are  not  necessarily  caused 
by  long-term  galvanostatic  testing,  as  they  are  also  seen  in  the 
reference  cell.  EDS  line-scan  analysis  was  performed  in  the  LSC- 
CGO  anode  and  atomic  ratios  of  La/Sr  and  La/Co  were  plotted  as  a 
function  of  the  distance  from  the  anode-barrier  interface  (Fig.  12).  It 
shows  that  there  is  Sr-  and  Co-depletion  in  a  region  in  the  LSC-CGO 
anode  of  the  tested  cell,  which  is  around  3-5  pm  from  the  anode- 
barrier  interface.  Such  depletion  of  Sr  or  Co  was  however  not  found 
in  the  reference  cell  indicating  that  the  depletion  of  Sr  and  Co  is  a 
result  of  electrolysis. 

4.  Conclusion 

The  long-term  durability  of  an  anode  supported  SOEC  with  an 
inter-diffusion  barrier  layer  of  CGO  produced  using  PVD  and  a 
screen  printed  LSC-CGO  oxygen  electrode  has  been  tested 
at  -1  A  cm-2,  800  °C  and  31%  conversion  of  a  50:50%  H20:C02 
mixture  (co-electrolysis).  The  cell  measured  excellent  initial  per¬ 
formance  with  an  ASR  of  0.2  Q  cm2.  The  cell  was  found  to  degrade 
rapidly  during  the  first  350  h  after  which  the  degradation  slowed 
down  to  an  approximate  rate  of  5— 10  mQ  cm2  khs-1.  Four  inter¬ 
esting  observations  were  made:  Firstly,  the  cell  appears  to  partially 
reactivate  its  electrochemical  performance  when  the  electrolysis 
current  is  turned  off  and  the  cell  is  returned  to  OCV.  The  same 
observation  was  made  from  electrochemical  post-test  analysis. 
Secondly,  the  Ni-YSZ  electrode  was  found  to  partially  reactivate 
after  an  initial  period  of  rapid  degradation.  Thirdly,  the  impedance 
of  the  oxidant  reduction  at  the  Ni-YSZ  electrode  appears  to  be 
apparently  linked  to  the  fuel  conversion  impedance.  And  fourthly, 
the  serial  resistance  degradation  was  found  to  be  relatively  low  and 
decays  relatively  exponentially  with  time,  in  contrast  to  previous 
tests  at  even  higher  current  densities. 
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